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On the Baroclinic Response of the Zonal Pressure Gradient in the 
Equatorial Atlantic Ocean 
R. H. WEISBERG 1 AND T. J. WEINGARTNER • 
Department of Marine, Earth, and Atmospheric Sciences, North Carolina State University, Raleigh 
Temperature time series obtained from surface moorings deployed along the equator in the Atlantic 
Ocean during the Seasonal Response of the Equatorial Atlantic Experiment and the Programme 
Fran•ais Ocean et Climat dans l'Atlantique Equatorial were used to investigate the baroclinic response 
of the zonal pressure gradient due to the sloping isopycnals. The zonal pressure gradient evolved as a 
complicated function of time, depth, and zonal position. The most rapid and spatially inhomogeneous 
variations corresponded to periods of rapidly changing easterly wind stress. Following these periods the 
baroclinic response due to the sloping isopycnals was observed to overshoot its intended equilibrium 
before relaxing to it. In so doing, it tended to buffer pressure gradient variations at the depth of the 
Equatorial Undercurrent (EUC). Over much of the year the isopycnal slopes opposed the surface slope. 
After the winds relaxed in winter, however, the isopycnal slopes reversed and acted in concert with the 
surface slope, thereby enhancing the pressure gradient at the depth of the EUC relative to that at the 
surface. This reversal might be important in maintaining the EUC during times of weak easterly wind 
stress. The vertical structure of the zonal pressure gradient varied with the depth of the thermocline. 
When the winds were weak and the thermocline was shallow, the baroclinic response of the zonal 
pressure gradient due to the sloping isopycnals was primarily effected in the upper 50 m. After the winds 
intensified and the thermocline deepened the baroclinic response extended down to at least 150 m. 
1. INTRODUCTION 
Knowledge of the zonal pressure gradient along the equator 
(ZPG) is fundamentally important to understanding the dy- 
namics of the Equatorial Undercurrent (EUC) and the associ- 
ated circulation in the meridional plane. The ZPG ensues as 
the prevailing easterly winds accumulate water along the 
South American continent, thereby establishing an eastward 
pressure gradient force at the surface. In conjunction with this 
the subsurface isopycnals slope upward from west to east. The 
westward pressure gradient force associated with their vertical 
integral eventually compensates the eastward force of the sur- 
face slope. Compensation is incomplete within the thermo- 
cline, and the resultant eastward pressure gradient force gives 
rise to the EUC. Previous studies of the near-surface ZPG in 
the equatorial Atlantic [Katz et al., 1977, Lass et al., 1983], 
derived from a small ensemble of limited duration measure- 
ments, showed a ZPG approximately in phase with the east- 
erly wind stress component which is strongest in boreal 
summer and weakest in winter. 
During the Seasonal Response of the Equatorial Atlantic 
(SEQUAL) Experiment and the Programme Franqais Ocean 
et Climat dans 1' Atlantique Equatorial (FOCAL), approxi- 
mately, 18 months (March 1983 to September 1984) of tem- 
perature data were collected from a zonal array of moored 
current meters. These data are used herein to describe the 
evolution of the baroclinic response of the ZPG along the 
equator caused by the sloping isopycnals. 
The paper is organized as follows. Section 2 reviews pre- 
vious measurements of the equatorial ZPG from the world's 
oceans. It shows that the surface pressure gradient is ef- 
fectively compensated at a depth slightly below the high-speed 
core of the EUC. In the Atlantic Ocean this depth lies between 
75 and 100 m. In anticipation of our own results, the review 
highlights observations of a reversal in the zonal pressure 
gradient below the EUC core typically in a region of steady 
eastward flow. Section 3 describes the field program, the data, 
and the method for computing the baroclinic response. The 
seasonal evolution and vertical structure of this response is 
then discussed in relation to zonal wind stress forcing in sec- 
tion 4. The observed baroclinic response differs substantially 
from the sinusoidal evolution as surmised from the limited 
climatology. These differences relate to the rapidity in which 
the easterly wind stress varies in a given year in relation to the 
slowly varying climatologically averaged winds. The continu- 
ous and synoptic baroclinic response data show equally rapid 
variations with a tendency to overshoot the equilibrium value 
necessary to balance the wind stress. One important conse- 
quence is that over a portion of the basin, following the abate- 
ment of easterly wind stress, the baroclinic response by the 
isopycnals reverses from a westward directed force to an east- 
ward one. Adding this part to the surface slope results in a 
larger eastward directed pressure gradient force at the depth 
of the EUC at a time when the surface slope alone would 
imply a much smaller value [Katz et al., 1986]. The opposite 
occurs following rapid intensification in easterly wind stress. 
Hence by virtue of the baroclinic buffering due to isopycnal 
slopes, the variations in the Z?G at the depth of the EUC are 
much smaller than those at the surface throughout the year. 
Additionally, it is shown that the temporal variation of iso- 
pycnal slopes does not proceed uniformly with depth, nor is it 
limited to within 100 m. As a consequence a westward pres- 
sure gradient force may develop beneath the thermocline 
during part of the year. These findings are discussed in section 
5 and the paper is summarized in section 6. 
1Now at Department of Marine Science, University of South Flori- 
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2. BACKGROUND 
The ZPG was a focal point of tropical oceanography well 
before the existence of equatorial undercurrents was recog- 
nized. Montgomery and Palmen, [1940] initially sought to ex- 
plain the North Equatorial Countercurrent (in both the Pacif- 
ic and Atlantic oceans) as a consequence of the balance be- 
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TABLE 1. Estimates of the Zonal Pressure Gradient Force Along the Equator for the World's Oceans 
Reference 
Depth, Depth, 1 0p 10- 5 
Source Date Longitude dbar dbar p 0x dyn/g 
Montgomery and 
Palmen [ 1940] 
Austin [ 1958] 
Knauss [ 1966] 
Taft et al. 
[1974] 
Tsuchiya [1979] 
Halpern [1980] 
Mangum and 
Hayes [1984]•' 
Pacific Ocean 
Composite 131 øE-99øW 
Composite 170øW-100øW 
IV/1958 140øW-98 ø W 
IV/1971 159øW-150øW 
II, III/1967 130øW-97øW 
IV, V/1967 
VI, VII/1967 
viii, IX/1967 
x, xi/1967 
XII/67-I/68 
II-IV/1968 
IV-V/1979 
II/79 
IV/79 
VI/79 
VII/79 
X/79 
III/80 
IV/80 
VII/81 
Mean for non- 
El Nifio years 
IV/82 
IX/82 
153øW-133øW 
132ow-120øW 
120øW-110øW 
132ow-110øW 
150øW-110øW 
0 1000 4.5 
100 1000 1.9 
200 1000 0.4 
300 1000 0.0 
0 700 5.0 
300 700 •0.0 
0 1000 5.4 
•75 1000 2.6 
•225 1000 +0.1 
0 1500 6.4 
100 1500 5.0 
140 1500 1.3 
200 1500 - 1.2 
0 500 2.6 
50 500 1.5 
100 500 0.4 
0 500 -0.8 
50 500 0.2 
100 500 0.4 
0 500 5.1 
50 500 2.4 
100 500 0.3 
0 500 2.9 
50 500 0.6 
100 500 -0.5 
0 500 2.8 
50 500 2.7 
lOO 500 o. 1 
0 500 4.3 
50 500 4.2 
100 500 2.0 
o 500 -o.1 
50 500 -0.5 
100 500 -- 1.0 
0 270 5.4 
0 270 3.5 
0 270 0.5 
270 400 -0.5 
270 400 - 0.25 
0 1000 4.0 
100 1000 2.0 
200 1000 --0.6 
0 1000 2.0 
100 1000 0.4 
200 1000 -0.8 
0 lOOO 5.2 
100 1000 2.0 
200 1000 0.6 
0 1000 3.5 
100 1000 1.2 
200 1000 -0.1 
0 1000 5.7 
100 1000 3.0 
200 1000 0.8 
0 1000 4.0 
100 1000 1.0 
200 1000 -0.4 
0 1000 7.6 
100 1000 4.0 
200 1000 1.1 
0 1000 4.2 
100 1000 2.0 
200 1000 0.5 
0 1000 4.5 
100 1000 2.0 
200 1000 0.0 
0 1000 5.0 
100 1000 3.1 
200 1000 1.0 
0 1000 5.6 
(1.5)* 
(0.7) 
(0.7) 
(2.1) 
(1.2) 
(0.5) 
(0.5) 
(0.8) 
(0.3) 
(0.9) 
(0.3) 
(0.1) 
(0.8) 
(0.2) 
(0.4) 
(2.2) 
(2.1) 
(1.4) 
(1.8) 
(1.3) 
(0.5) 
(0.6) 
(1.3) 
(1.4) 
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TABLE 1. (continued) 
Source 
Reference 
Depth, Depth, 
Date Longitude dbar dbar 
10p 
p Ox 
10-s 
dyn/g 
Bryden and 
Brady [ 1985]'• 
Montgomery and 
Palmen [1940] 
Katz et al. 
[1977] 
Lass et al. 
[1983] 
Hisard and 
Henin [1984] 
Pacific Ocean (continued) 
IV/83 
X/83 
Composite 150øW-110øW 
(IøN) 
(løS) 
Atlantic Ocean 
Composite 40øW-0øW 
VI, VII/1974 35øW-lOøW 
VII, VIII/1974 40øW-lOøW 
VIII, IX/1974 35øW-lOøW 
II, IV/1963 40øW-10øW 
VIII, X/1963 40øW-10øW 
XI/1958 42øW-lOøW 
I, 11/1979 30øW-lOøW 
III, IV/1979 30øW-10øW 
V, VI/1979 30øW-10øW 
VII, VIII/1979 30øW-lOøW 
II, 111/1980 30øW-10øW 
XI/1978 40øW-30øW 
I, 11/1979 40øW-30øW 
III, IV/1979 40øW-10øW 
X, IX/1979 40øW-30øW 
II, 111/1980 40øW-30øW 
X, XI/1982 30øW-lOøW 
IV/1983 30øW-lOøW 
100 1000 4.0 
200 1000 - 0.2 
0 1000 3.0 
100 1000 1.0 
200 1000 0.5 
0 1000 1.8 
100 1000 0.6 
200 1000 0.3 
0 500 4.2 
lOO 500 1.8 
200 500 -0.6 
0 500 5.3 
100 500 2.0 
200 500 0.0 
o 
50 
lOO 
15o 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
lOO 
o 
50 
o 
50 
lOOO 
1 ooo 
lOOO 
lOOO 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
50o 
500 
3.8 
3.0 
0.9 
o. 1 
3.2 
2.2 
0.3 
7.3 
5.3 
2.0 
6.7 
4.7 
1.3 
0.7 
0.4 
o.o 
3.5 
3.4 
1.3 
6.0 
4.8 
2.4 
1.o 
1.1 
-0.9 
3.3 
3.4 
0.6 
5.0 
2.7 
1.o 
9.0 
5.0 
0.9 
3.8 
3.3 
0.2 
7.8 
7.6 
2.5 
19.4 
19.3 
17.2 
0.3 
0.2 
-5.9 
6.7 
6.7 
4.6 
9.2 
7.9 
3.9 
6.8 
5.2 
5.7 
3.3 
(0.4) 
(0.3) 
(0.2) 
(0.6) 
(0.6) 
(0.4) 
(1.8) 
(1.6) 
(0.7) 
(0.6) 
(0.2) 
(0.0) 
(0.7) 
(0.7) 
(0.5) 
(0.3) 
(0.3) 
(0.3) 
(0.9) 
(0.8) 
(0.6) 
(1.5) 
(1.2) 
(0.7) 
(1.5) 
(0.9) 
(0.4) 
(1.2) 
(0.8) 
(0.5) 
(2.7) 
(2.1) 
(0.2) 
(1.1) 
(1.2) 
(1.0) 
(3.1) 
(3.1) 
(4.2) 
(0.6) 
(0.6) 
(3.0) 
(0.0) 
(0.7) 
(0.6) 
(1.1) 
(1.2) 
(0.8) 
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TABLE 1. (continued) 
Source Date 
Reference 
Depth, Depth, 1 c•p 
Longitude dbar dbar p c•x 
T. J. Weingartner and 
R. H. Weisberg 
(unpublished data, 1984) 
Taft and 
Knauss [ 1967] 
Eriksen [1979] 
Atlantic Ocean (continued) 
VII, VIII/1983 30øW-10øW 0 500 7.7 
50 500 5.5 
I, II/1984 30øW-10øW 0 500 1.7 
50 500 2.3 
I, II/1981 26øW-14øW 0 500 4.0 
50 500 4.2 
100 500 0.4 
Indian Ocean 
VII/1962 96.5øE-45øE 0 400 - 5.1 
50 400 - 3.2 
75 400 - 2.7 
100 400 - 1.6 
> 100 400 --• 0.0 
III, IV/1963 94øE-61øE 0 400 -2.0 
95øE-71 øE 50 400 0 
94øE-71øE 75 400 2.1 
94øE-71øE 100 400 2.3 
94øE-71øE 125 400 2.1 
94øE-71øE 150 400 1.8 
94øE-71 øE 200 400 1.0 
XII/1976 95øE-74øE 0 800 - 10.0 
1/1977 95øE-74øE 50 800 -9.2 
95øE-74øE 150 800 •0.0 
74øE-50øE 50 800 - 5.0 
74øE-50øE 100 800 •,0.0 
10-• 
dyn/g 
(0.9) 
(0.7) 
(0.4) 
*Numbers in parentheses are the standard errors of the slopes of the linear regression equations. 
•The listed values have been estimated from the figures provided in the original paper. 
tween the ZPG, lateral friction, and the Coriolis acceleration. 
Utilizing the hydrographic data then available, they concluded 
that the ZPG vanishes at 100 m in the Atlantic Ocean and at 
300 m in the Pacific Ocean. The discovery or rediscovery of 
equatorial undercurrents in the Pacific [Cromwell et al., 1954] 
and Atlantic I-Voigt, 1961; Metcalf et al., 1962] and early 
attempts to explain their existence (see Philander [1973] and 
Gill [1975] for reviews) intensified interest in the ZPG. Yet in 
spite of these stimuli, only a small number of observations 
exist. These observations, from the world's oceans, are summa- 
rized below and in Table 1. 
In the Pacific Ocean the mean gradient computed west of, 
say, 110øW [Austin, 1958; Knauss, 1966; Taft et al., 1974; 
Halpern, 1980; Manglum and Hayes, 1984; Bryden and Brady, 
1985] decreases from a maximum at the surface to zero by 
about 200 m. Tsuchiya [1979] found no significant gradients 
at and below 100 m between approximately 130øW and 95øW 
in seven surveys conducted throughout the year. The decreas- 
ing depth of zero gradient from west to east coincides with the 
shoaling of the thermocline and the EUC core from around 
120 m at 150øW to around 60 m at 110øW. The data indicate 
that at the surface, significant pressure gradient forces are 
always eastward, while reversals occur at depth. For example, 
5 of the 12 cases presented by Manglum and Hayes [1984] 
show a westward pressure gradient force below 150 m. Bryden 
and Brady's [1985] results suggest a weak mean westward 
pressure gradient force below 150 m between 150øW and 
110øW. 
In the Atlantic Ocean the wind stress veers increasingly 
easterly west of 10øW, while it is southerly or southwesterly to 
the east of that longitude. Consequently, the sea surface tends 
to slope upward both to the east and to the west of 10øW. 
Typically, estimates of the eastward pressure gradient force in 
the Atlantic are confined to the west of 10øW. The compi- 
lation of pressure gradients provided by Katz et al. [1977] 
reveals no significant values at 100 m between 40øW and 
10øW, except in November 1958 and July-August 1974. For 
these times the 100-m pressure gradient was approximately 
one-third the surface value, which is still indicative of a strong 
baroclinic response at 100 m. The quasi-synoptic data of Lass 
et al. [1983] and the mean annual results described by Merle 
and Arnault [1985] (reproduced in Figure 1) indicate a van- 
ishing ZPG at 100 m for the central Atlantic (30øW to 10øW). 
Significant gradients (both eastward and westward) can exist 
at this depth between 40øW and 30øW. As in the Pacific, the 
eastward shoaling of the compensation depth correlates with 
that of the thermocline and EUC core. A zonal expendable 
bathythermograph (XBT) profile in January-February 1981 
also shows no significant gradient below 100 m (T. J. 
Weingartner and R. H. Weisberg, unpublished data, 1984). 
iio 
IOO 
• 8o 
60 
40 
40W 30W 20W lOW 0 IOE 
Longitude 
Fig. 1. Mean annual dynamic height along the equator (from 2øN 
to 2c•S) in dynamic centimeters relative to 500 dbar [from Merle and 
Arnauh, 1985]. 
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Fig. 2. 
I I I I I I I I I I I I I I I I I I 
28W ' ' ' 
24W ..... 
15W ...... 
4W , 
IOta 
28W , ' 
24W 
15W ' " 50 m 
28W 
24W 
IõW 
4W 
75m 
28W 
24W 
15W 
4W 
lOOm 
28W 
24W 
15W 
I , 1985 I 1984 I 
I I I I I I I I I I I I I I I I I•1 .• M J d A S 0 N O d F • A M d d A S 0 
150m 
Time lines for temperature data as a function of longitude and depth. Dashed lines indicate series which were 
depth interpolated. Tick marks on the axis coincide with the beginning of each month. 
Only a few profiles are available from the Indian Ocean. 
Taft and Knauss [1967] found no significant gradients below 
100 m in July 1962 when the southwest monsoon was well 
developed. During their March-April 1963 transect when the 
winds were weak and variable, the pressure gradient force in 
the eastern half of the basin was westward at the surface, 
reversed below 50 m, attained a maximum at 100 m, and 
vanished below 200 m. For the western half of the basin, the 
only significant pressure gradient forces found were eastward 
at 50 m and 75 m. These results are interesting because they 
demonstrate that subsurface gradients may not be in phase 
with those at the surface during a period of weak and variable 
winds. Finally, Eriksen's [1979] data show negligible gradients 
below 100 m (150 m) in the western (eastern) Indian Ocean in 
December 1976 to January 1977. 
The preceding literature survey indicates that along the 
equator the baroclinic response due to the isopycnal slopes is 
ß such that seasonal variations of the surface pressure gradient 
are compensated at a depth slightly below the region of maxi- 
mum temperature gradient in the thermocline and the EUC 
core. For the central Atlantic (30øW to 10øW) this depth lies 
between 75 rn and 100 m. In anticipation of our results we 
draw attention to the observations of a westward pressure 
gradient force below the compensation depth. For the Pacific, 
Bryden and Brady [1985] indicate that within 1 ø of the equa- 
tor the pressure gradient force opposes the ea•stward flow be- 
neath the core of the EUC. While the flow is against the 
pressure gradient force, this scenario is precisely that suggest- 
ed by Arthur [1960], who hypothesized that under steady 
state conditions the vertical profile of zonal velocity can be 
calculated from a balance between the ZPG and the vertical 
diffusion of zonal momentum. 
3. DATA 
The temperature time series used in this analysis were ob- 
tained from surface buoyed current meter moorings located 
along the equator at 28øW, 24øW, 15øW, and 4øW. Figure 2 
summarizes the temperature time series as a function of depth 
and longtitude. Pressure gradients were computed between all 
pairs with concurrent time series at depths of 10 m, 50 m, 75 
m, 100 m, and 150 m. However, not all moorings had meters 
at these depths. In order to provide a set of common depths 
from which to compute temperature gradients, the data were 
linearly interpolated to the desired depth. These series are 
represented by dashed lines in the figure. Thus the 100-m 
temperature time series at 15øW and 24øW were generated 
from the 75-m and 150-m time series for the March 1983 to 
March 1984 period. Similarly, temperature at 4øW recorded at 
10 m, 35 m, 60 m, 85 m, and 110 m were interpolated to 50 m, 
75 m, and 100 m. 
Assuming that atmospheric pressure is horizontally uni- 
form, the zonal pressure gradient at a particular level surface, 
H, is 
c•p r3r/ fi•' r3p 
where p, is the surface density, c•rl/c•x is the surface slope, g is 
gravity, and p is pressure. The second term on the right-hand 
side is the baroclinic response of the surface pressure gradient 
due to the sloping isopycnals. Since the instruments were sus- 
pended at equal distances from the free surface, we can not 
measure c•p/c•x directly on a level surface. The error involved 
in the density gradient measured along a fixed depth as op- 
posed to a level surface is (c•p/c•z)(&l/c•x). This error when di- 
vided by c•p/c•x along a level surface shows that the relative 
error equals the free surface slope divided by the isopycnal 
slope, which is much less than 1. Instrument tilt would result 
in similarly small errors. The baroclinic response at any par- 
ticular depth due to the sloping isopycnals was obtained by 
cumulative trapezoidal integration of the zonal density gradi- 
ent from the surface to that depth. Gradients were computed 
between all possible pairs of moorings. 
Density was estimated using 10-day low pass-filtered tem- 
perature time series and the simplified equation of state: p = 
Poll + o•(T- To)] , where Po and To are a reference density 
and temperature, respectively. The coefficient of thermal ex- 
pansion, o•, varies with depth and temperature and was deter- 
mined at each depth from a linear regression on temperature. 
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_• 0.4 
e 0.2 3: . 
• E• 0,0 
-0.2: 
• -0.6 
<3 -0.8 28 
- 1.0 ' . ..... 
0.5 
0 -0.5 
x - 1.0 
.• -1,5 
E 
• -:,.o 
m -2.5 
•, -3.0 
'"'- -3.5 
• • -4.0 
._ i•.. -4.5 
• -5.0 
-5.5 
-6.0 
28W- 4W • 
1983 198• 
Fig. 3. Comparison of pressure gradient computation derived from temperature/salinity and temperature only. In the 
lower panel the actual values of the pressure gradients are shown. The solid line is for that based on temperature alone. 
The dashed line is obtained from a T/S relationship. The difference between the two is expressed as a difference in dynamic 
height and is shown in the upper panel. See text for discussion. Tick marks on the time axis coincide with the fifteenth day 
of each month. 
To ascertain the influence of salinity on the calculations of 
the zonal pressure gradient, a comparison was made between 
the above formulation and pressure gradients derived using 
the temperature/salinity (T/S) relationship for the central 
equatorial Atlantic from the atlas of Emery and Dewar [1982]; 
the data used were taken from their Atlantic area 1. A qua- 
dratic regression of salinity against temperature was fit by 
least squares over the temperature range of 27.5øC to 13øC. In 
conjunction with the temperature time series, the regression 
generated a salinity time series from which density was com- 
puted using the equation of state of seawater [United Nations 
Educational, Scientific, and Cultural Organization (UNESCO), 
1981]. Our comparison was mad• between the 28øW and 4øW 
moorings. Figure 3 illustrates the results of this comparison at 
a depth of 75 m, where the largest absolute difference between 
the gradients was found. The ZPG time series calculated with 
and without salinity are shown in the lower panel. Both are 
essentially the same. The difference between the two time 
series can also be expressed as the dynamic height difference 
between the two longitudes relative to an an arbitrary refer- 
ence level as shown in the upper panel. The mean difference is
-9.3 x 10 -7 dyn/g, where the sign implies that the T/S- 
derived values are more negative. In terms of dynamic topog- 
raphy this difference corresponds to a change of less than 0.3 
dyn cm. Furthermore, the relative differences between temper- 
ature and T/S-derived pressure gradients decrease with depth, 
i.e., 16% at 10m, 7% at 50m, 4%at75m, and0.5% at 100 
m. 
While this approach demonstrates that the neglect of salini- 
ty in computing pressure gradients does not seriously impair 
the estimation, spatial and seasonal variations in the T/S re- 
lationship have been ignored. Emery and Dewar [1982] Show 
that spatial variations in T/S result in root-mean-squared dif- 
ferences in dynamic height (0/500 dbar) of 1 to 3 dyn cm for 
the central equatorial Atlantic. In the Gulf of Guinea, Merle 
and Arnault [1985] found that a constant T/S relationship as 
opposed to a seasonally varying one resulted in dynamic 
height differences (0/500 dbar) of 1 dyn cm. In summary, the 
largest error (due to spatially varying T/S) translates to a 
pressure gradient error between 28øW and 4øW of 0.3 x 10 -5 
dyn/g, which in Figure 3 and subsequent figures is negligible. 
4. RESULTS 
In response to large-scale changes in easterly wind stress, 
isopycnal (isotherm) slopes evolve giving rise to the baroclinic 
adjustment of the ZPG. This is illustrated in Figure 4, which 
shows easterly wind stress component and temperature time 
series low pass-filtered to remove fluctuations at time scales 
shorter than 10 days. The wind data are from Saint Peter and 
Saint Paul rocks (SPPR) located at IøN, 29øW (S. L. Garzoli, 
personal communication, 1984) and from a surface mooring 
located at the equator, 24øW (R. E. Payne, personal communi- 
cation, 1984). The temperature data at $0-m depth are from 
surface moorings on the equator at 24øW and I$øW. During 
1983 the easterly wind stress at SPPR increased rapidly be- 
ginning in mid-April and then remained well developed 
through November. Upon resumption of the record in Janu- 
ary 1984, the easterly wind stress was weak and remained so 
until mid-May 1984, when it again intensified rapidly. The 
24øW data fill in the record gap and show that the seasonal 
relaxation in easterly wind stress was also rapid beginning in 
mid-December 1983. As was reported by Garzoli and Katz 
1-1984], Katz •1984], Payne 1-1984], and Katz et al. •1986]• the 
winds at SPPR are representative of those over a large zonal 
extent of the equatorial Atlantic. 
The wind stress intensification times of mid-April 1983 and 
mid-May 1984 serve as benchmarks after which rapid vari- 
ations in temperature are observed. The temperature at both 
longitudes first decreases and then increases as the isotherms 
within the thermocline shoal and then deepen [Weisberg and 
Colin, 1986], This sequential behavior increases ystematically 
both in magnitude and duration to the east [Weisberg and 
Tang, 1985], so that while the thermocline is deepening at 
24øW it is still shoaling at 15øW. It is during this antagonistic 
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Fig. 4. Time series of zonal wind pseudo-stress from Saint Peter and Saint Paul rocks and the 24øW mooring (upper 
panel). The lower panel contains the time series of temperature at 50 m from 24øW (solid curve) and 15øW (dashed curve). 
Tick marks on the time axis coincide with the fifteenth day of each month. 
shoaling/deepening period that the zonal isopycnal slope in- 4 
creases rapidly to its maximum value. The eventual deepening 
of the thermocline at 15øW then decreases the isopycnal slope o 
to a relatively steady value. In 1983 this relatively steady value 
was sustained through mid-December, when the easterly wind -4 
stress relaxed and the thermocline underwent a sequence of 
deepening followed by shoaling. 
Corresponding time series for the baroclinic adjustment of 
the ZPG are shown in Figure 5 for the station pairs 28øW and 
24øW, 28øW and 15øW, 15øW and 4øW, and 28øW and 4øW. 
Finite differencing over increasing station separation acts to 
filter high-wave number structure and to obscure phase differ- 
ences among the mooring pairs due to propagation. Both the 
-- 0 
similarities and dissimilarities between the different station ,, 
pairs are important in understanding the pressure field vari- 
ations along the equator. 
Annual Cycle --; -8 
The most complete station pairs are 28øW and 24øW and •-•0 
-12 28øW and 4øW. Consider the shorter separation first. The -I 
baroclinic response at all of the depths shown (50 m, 75 m, 
and 100 m) are energetic over a broad range of frequencies; 4 
however, the annual cycle is the dominant feature. Beginning 
in mid-April 1983 we observe an increase in the westward o 
directed pressure gradient force (per unit mass) due to iso- 
pycnal slopes. Underlying the high-frequency oscillations, a -4 
maximum is reached in June followed by a gradual decline to 
-6 
relatively steady values from late summer through fall. That 
-8 
the wind stress and ZPG are both relatively steady during this 
period suggests that hey are in approximate equilibrium. -•o 
A more rapid decline and reversal to an eastward directed 
force occurs after the relaxation of easterly wind stress at the -•4 
end of the year (see Figure 4). A rapid increase to a large 
westward directed force again occurs following the mid-May 
1984 easterly wind stress intensification. Similar behavior is 
observed over the larger separation 28øW-4øW with two not- 
able exceptions. First, the high-frequency structure is largely 
reduced, and second, the response xhibits a somewhat differ- 
ent character immediately following the wind stress bench- 
24W -15W 
.... 
H: 50 rn /•f•.•. ./ 75 m ' 
I00 m 
150 m 
28W - 24W • 
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Fig. 5. Time series of the baroclinic response of the zonal pres- 
sure gradient. From bottom to top: 28øW-24øW, 24øW-15øW, 28øW - 
4øW, and 15øW-4øW. The short-dashed, solid, dash-dot and long- 
dashed lines denote series at 50 m, 75 m, 100 m, and 150 m, respec- 
tively. Units are 10 -s dyn/g. Tick marks on the time axis coincide 
with the fifteenth day of each month. 
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mark times, i.e., mid-April 1983 and mid-May 1984, for rea- 
sons previously mentioned. In a broad sense we may describe 
the annual cycle in the baroclinic response of the ZPG as 
consisting of rapid variations following rapid, large-scale 
changes in easterly wind stress which overshoot their intended 
equilibrium and then gradually relax toward it. 
Zonal Inhomogeneity 
The baroclinic response of the ZPG computed for the 
15øW-4øW separation is distinctly different from the others. 
The 50-m record during 1983 does not show a clear annual 
cycle, and the records at all depths following the mid-May 
1984 benchmark appear to vary out of phase with those of the 
28øW and 15øW pair. This suggests that a node in the iso- 
therm slopes was crossed between 15øW and 4øW, an as- 
sertion which is consistent with the climatological dynamic 
height distribution shown in Figure 1. 
A general impression from all of the station pairs is that the 
ZPG calculation is strongly dependent upon zonal position 
and separation except when the thermocline has approached 
an equilibrium state. In our records this occurs between Sep- 
tember and December 1983, when ignoring the high frequency 
fluctuations and excluding the 15øW and 4øW pair, all of the 
pressure gradient magnitudes at equal depths are approxi- 
mately the same and decrease at similar rates. Conversely, it is 
during the periods of rapid thermocline transitions that the 
ZPG is the most inhomogeneous and dependent upon station 
position and separation. 
Vertical Structure 
The vertical structure of the baroclinic response does not 
proceed uniformly with time. Consider the 28øW and 15øW 
pair. From September through December 1985, while the ther- 
mocline is nearly in equilibrium, a uniform spacing is observed 
between the time series at 50 m, 75 m, 100 m, and 150 m; i.e., 
the baroclinic adjustment increases monotonically with depth. 
This situation also occurs beyond July 1984. However, during 
the April through June 1984 period, while the thermocline is 
in transition, most of the baroclinic response takes place 
within the upper 50 m with relatively little below. Conse- 
quently, the vertical structure of the ZPG appears to be time 
dependent. 
5. DISCUSSION 
Philander and Pacanowski [1981] have shown that for suf- 
ficiently slow variations in zonal wind stress the equatorial 
zonal pressure gradient remains in equilibrium with the forc- 
ing. However, Philander and Pacanowski [1980] and Philander 
[1981] show that if the wind stress changes rapidly from one 
state to another, the oceanic response is to overshoot he equi- 
librium level before relaxing to it. In a broad sense the equa- 
torial Atlantic is subject to rapidly increasing easterlies over 
the western two thirds of the basin in boreal spring with a 
similarly rapid decrease in boreal winter. 
Surface slope time series from inverted echo sounder 
measurements [Katz et al., 1986] show a distinct annual cycle 
in response to the winds with a large eastward directed surface 
pressure gradient force following intensification and a small 
value following relaxation. The baroclinic response due to the 
isopycnal slopes shown here generally acts in opposition to 
the surface slope. A westward directed force develops follow- 
ing intensification, and an eastward directed force develops 
following the relaxation. Consequently, the isopycnal slopes 
act as a buffer to the zonal pressure gradient force at the depth 
of the EUC. 
This buffering effect by the isopycnal slopes has important 
implications on the maintenance of the EUC. For example, 
from late January through mid-March the results from the 
mooring pairs exclusive of 4øW indicate a reversal from a 
westward directed to an eastward directed pressure gradient 
force at the level of the EUC. The reversal implies that the 
pressure gradient force at the depth of the EUC exceeds that 
at the surface. This observation is corroborated by the results 
of a conductivity, temperature, and depth (CTD) survey in 
January-February 1984 by Hisard and Henin [1984] (see 
Table 1). They show that the 50/500 dbar pressure gradient is 
larger than that of the surface. Since this reversal occurs at a 
time of the year when the surface dynamic topography is 
nearly flat [-Katz et al., 1986], it could be important in main- 
taining the EUC during the season of weak winds. 
The time dependence of the vertical structure of the baro- 
clinic response follows the vertical position of the thermocline. 
Prior to the vernal intensification of easterly wind stress the 
thermocline is shallow and the baroclinic response is confined 
to the upper 50-75 m. After the winds increase and the ther- 
mocline deepends, the baroclinic response then extends down 
to at least 150 m. If the EUC core is related to the ZPG, then 
its vertical location should also vary over the annual cycle. An 
observation of this is given by Weisberg and Colin [1986]. 
In the review of published data we mentioned that the baro- 
clinic response due to the sloping isopycnals effectively com- 
pensates the surface slope induced pressure gradient at depths 
of 75-100 m in the central Atlantic Ocean. The present results 
imply that from midsummer through early winter a westward 
pressure gradient force develops at 150 m. This period coin- 
cides with the basinwide adjustment of the thermocline and 
quasi-steady winds, as was previously mentioned. The fact 
that flow at 150 m is eastward throughout the year [Weisberg 
and Colin, 1986] is consistent with Arthur's [1960] hypothesis 
that eastward momentum may be maintained in the lower 
portion of the EUC in the face of a westward pressure gradi- 
ent force. 
Superimposed upon the annual cycle of the baroclinic re- 
sponse are higher-frequency variations which are most evident 
in the 28øW and 24øW pair. Among these are waves with time 
and length scales of around 25 days and 1000 km, respectively 
[Weisberg, 1984; McPhaden et al., 1984]. They give rise to 
thermal fluctuations between 28øW and 24øW which are 
nearly out of phase, thereby producing the largest extremes in 
the baroclinic response during 1983. Their influence upon the 
baroclinic response decreases with increasing zonal separation, 
so their effect upon the large scale ZPG appears as a local 
perturbation. 
The rapidity of the baroclinic response following rapid, 
large-scale changes in wind stress implies that estimates of the 
ZPG from quasi-synoptic hydrographic surveys could be 
seriously aliased. Similar warnings have been expressed by 
Mangum and Hayes [1984] based on observations in the Pa- 
cific. 
6. SUMMARY AND CONCLUSIONS 
The zonal pressure gradient along the equator is related to 
both surface and isopycnal slopes. Here we have presented 
time series of the baroclinic response of the zonal pressure 
gradient due to the sloping isopycnals as calculated using tem- 
perature time series obtained from surface moorings deployed 
during the SEQUAL and FOCAL programs. Following rapid 
and large-scale changes in easterly wind stress, the baroclinic 
response due to the sloping isopycnals was observed to rap- 
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idly overshoot its intended equilibrium and then to slowly 
relax toward it. In so doing, it provided a buffer for pressure 
gradient variations at the depth of the EUC. For most of the 
year the isopycnal slopes opposed the surface slope. An excep- 
tion occured in winter following the wind stress relaxation. 
The isopycnal slopes reversed and acted in concert with the 
surface slope to enhance the pressure gradient at the depth of 
the EUC over that at the surface. Such a reversal may be 
crucial in maintaining the EUC during a time of weak easterly 
wind stress. 
The vertical structure of the baroclinic response varied an- 
nually with the depth of the thermocline. When the winds 
were weak and the thermocline was shallow, the baroclinic 
response was primarily effected over the upper 50 m. After the 
winds intensified and the thermocline deepened, the baroclinic 
response xtended down to at least 150 m. 
In summary, the zonal pressure gradient along the equator 
in the Atlantic Ocean is a complicated function of time, depth, 
and zonal position. Its most rapid and spatially inhomoge- 
neous variations correspond to periods of rapidly changing 
easterly wind stress. Consequently, estimates of the zonal pres- 
sure gradient require continuous measurements of both the 
surface slope and the subsurface thermal structure. 
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